The electronic structure inhomogeneities in Co, Ni, and Cr doped BaFe2As2 '122' single crystals are compared using scanning tunneling microscopy/spectroscopy (STM/S) at nanoscales within three different global property regions: pure superconducting (SC) dome (Co-122), coexisting of SC and antiferromagnetic (AFM) region (Ni-122), and non-SC region (Cr-122).
Introduction
The interplay between magnetism and superconductivity (SC) is still one of the fundamental issues in understanding the mechanism of superconductivity of unconventional superconductors, like cuprates and iron-based superconductor (FeSC) [1] [2] , for the reason that SC in these materials always appears near antiferromagnetic (AF) order. In cuprates, experiments demonstrated that the superconducting pairing state is dx 2 -y 2 , which is induced by spin fluctuations [3] [4] [5] . Similar to cuprates, magnetism in FeSC is also believed to play an important role in the electron pairing mechanism 2, 4 . However, in FeSC, it is more complicated thus more controversial because five Fe 3d orbitals form multiple Fermi surfaces (FS), while in cuprates only single Cu d-band crosses the FS [6] [7] [8] [9] . As one of the results of the complexity, in the most studied FeSC family Iron pnictides BaFe2As2 (122), SC can be realized by atomic substitution at any element site, for example by hole-doping onto Ba site 10 , electron-doping on Fe site 11 12 and isovalent doping to As site 13 . However, it is found the crystals with electron-doping to Fe site with Ni and Co are superconducting while hole-dopant Cr-122 crystals are not 14 .
On the other hand, for the electron-doping 122 crystals, it is well established that upon electron doping via Co/Ni substitution for Fe, the collinear long-range AF order is suppressed, and SC appears. However, there is ongoing debates concerning the relationship between the AF order and SC. One perspective is the itinerant nature of magnetism: the static AF order arises from the formation of a spin-density-wave induced by itinerant electrons and Fermi surface nesting of the electron and hole pockets, upon doping the pair scattering between the electron and hole like FS pockets leads to SC [15] [16] . A different perspective is the localized nature of magnetism: the shortrange incommensurate AF order is the cluster spin glass phase as a consequence of the disordered localized moments 12, 17 . There is also a perspective that local moments and itinerant electrons coexist, in which part of the Fe d bands are delocalized and contribute to the itinerancy, whereas the others are localized due to strong correlation effect and provide the source for local moments [18] [19] . This model was used to explain the scanning tunneling microscopic observation of the coexistence as well as co-disappearance of pseudogap-like feature and superconductor in NaFe1-xCoxAs (Co-111) system where the pure itinerant picture fails 20 . A muon spin rotation study also observed a spatially inhomogeneous magnetic state develops below Tc which has a constructive relationship with SC in near optimal or overdoped Co-122 samples [21] [22] . This is intrinsically different from the reported SDW phase in NaFe1-xCoxAs (Co-111) which is competitively anticorrelate with the SC phase 23 .
Here, we investigate the local electronic structure of 122 crystalline matrix BaFe2As2 that is doped with magnetic elements (Ni, Co, 
Results
For the purpose of comparison, three sets of samples of the transition metal substituted Ba(Fe1-xTx)2As2 in three different bulk property regions (bulk SC, magnetism and SC coexistence, non-SC) are studied, including the AFM phase in Ba(Fe0.96Cr0.04)2As2 (Cr-122), the coexisting region with AFM and SC phase in Ba(Fe0.96Ni0.04)2As2 , and the bulk SC phase in Ba(Fe0.92Co0.08)2As2 (Co-122). Ni (Cr) doping introduces twice the number of electrons (holes) in the FeAs layer as that of Co doping from electron counting, so we select the Co-122 doping level as 0.08 instead of 0.04. These phases are indicated using blue, red and yellow balls in the temperature-composition (T-x) phase diagram in Fig. 1(a) ; the structure of 122 unit cell is in inset.
At the temperature of experiments in this work (4 K), Cr-122 has a G-AFM ground state (TN~ 100 K); optimally doped Co-122 is in SC state (Tc ~ 22 K) 24 ; and the composition of the Ni-122 was picked to locate it in the coexistence range of SC and AFM orders (Tc ~ 19 K, TN~ 45 K). After low temperature cleavage, the three sets of samples show similar topography, which is the coexistence of As terminated 2×1 and Ba terminated √2 × √2 reconstructions, as reported for Co-122 before 25 . Fig. 1 Dramatic local electronic inhomogeneity is found on the Ni-122 surface. Fig. 1(d) presents the STS spectroscopies along the black arrow in Fig. 1(c) . Although the morphology of the areas around the arrow is similar (√2 × √2, no defects), the STS spectra, which are proportional to the local density of states (LDOS), show totally different features. The spectra along the black arrow exhibits superconducting coherent peaks with an SC gap width of about 4.5 meV. However, the brown spectra along the arrow show an in-gap state around the Fermi level with the suppression of the SC coherent peaks. To clarify the correlation between the topography and the local electronic inhomogeneity on Ni-122, current imaging tunneling spectroscopy (CITS) maps were collected from various surfaces. Systematic comparison among topography, CITS, and SC gap map concludes that there is no apparent correlation between the topography and local electronic inhomogeneity. Such a comparison from an area with fairly ordered √2 × √2 reconstruction and few defects (blue box in In order to analyze the spatial distribution of all three types of spectra, K-means clustering analysis of the 64 pixels × 64 pixels spectra of CITS in Ni-122 are performed. K-means clustering is a vector quantization data mining approach, which groups a large dataset into components with quintessential characteristics 26 . Fig. 2(f) shows the three principal responses in the data set, by comparing with Fig. 2(d) and (e), they correspond to SC, in-gap and S-shape state, respectively.
The spatial distribution of the three states is shown in the cluster map in Fig. 2(g ). As expected, SC state of the K-means clusters distribute at the same areas as the STS map and gap map in Fig.   2 (b) and (c). Furthermore, the non-SC areas are clearly categorized into areas of in-gap state (brown) and S-shape state (green).
The above coexistence of S-shape and in-gap states with superconducting states are not affected by the surface termination; they are also observed on 2 × 1 surfaces. A STM study of BaFe2As2 has found both √2 × √2 and 2 × 1 surface reconstruction coexistence on the cleavage surface 25, 27 . As reported recently, although different terminations with different LDOS coexist on the surface of the transition metal substituted BaFe2As2 (√2 × √2 and 2 × 1), the superconductivity gap width is not affected by the surface reconstructions owing to the global nature of the superconductivity 25 . These observations suggest that the S-shape, in-gap states and superconducting states are the intrinsic electronic structure of superconducting 122 system rather than the surface specific properties. All those samples share a substantial volume of green and yellow areas in the blue matrix, which correspond to the S-shape state (green curves) and L-shape state (yellow curves) in Fig. 3(c) , (f) and (i). In Fig. 3(b) and (e), both superconducting Ni-122 and Co-122 surfaces have brown areas which correspond to the in-gap state (brown curves) in Fig. 3(c) and (f), while in Fig. 3(g The symmetry of vortex lattices changes dramatically with the increase of the magnetic field. Fig. 5(d) , (e) and (f) show two-dimensional autocorrelation images calculated from vortex images in (a), (b) and (c). The vortex forms a weak triangular lattice at 2 T as six-folded correlation is shown in Fig. 5(d) . At higher fields, the vortex lattice gradually changes to a rectangular shape at 4 T (Fig. 5(e) ) and becomes more isotropic ring-like structure at 6 T ( Fig. 5(f) ). The emergence of 4-fold symmetry on top of 6-fold symmetry suggests that the configuration of the vortices is affected by the underlying crystal lattice. The result also suggests that the distance correlation among the vortices is stronger than the orientational correlation in Ni The magnetic field influence on all states is summarized in Fig. 6 , which shows the result from Co-122 with field up to 6 Tesla, each set of field dependent spectra are extracted from the same atomic locations. The gradually increased zero bias conductance and suppressed superconducting coherent peaks under magnetic field shown in Fig. 6 (a) has been discussed in the last few paragraphs. For the in-gap state, the peak is pinned at the Fermi level even up to 6 Tesla, but the intensity of the peak increases slightly with the magnetic field as shown in Fig. 6(b) . A similar robust zero-energy bound state was also observed on Fe(Te,Se) 35 which is caused by interstitial Fe impurities. For both the S-shape and L-shape states, there is no significant change detected up to 6 T as shown in Fig. 6 (c) and (d). These observations exclude Kondo effect of magnetic moment in metal/superconductor since no splitting was found in magnetic field dependence spectra. Although the S-shape and L-shape spectra look similar to the Fe-vacancy-induced bound state found in Kdoped iron selenide 36 , their extremely weak field dependent indicates that either the g-factor in our case is far small than 2.1 or they are from a different origin.
The L shape like state has been identified as spin density wave spectrum with signature features of highly asymmetric with respect to Fermi level and large residual DOS at EF 20, 23 , which is found coexisting and competing with SC states in under-and over-doped NaFe1-xCoxAs (Co-111) FeSC. In our current comparison experiment of 122 system, we further found that 1) the SDW spectrum exists in both electron and hole doped 122 compounds; 2) the SDW survives even in the optimal doped Co-122 crystals, although the volume is very small (2.3%); 3) the highly asymmetric spectrum resulted from the particle-hole symmetry is tilted towards positive bias, The S shape state was not reported previously, although the present data set cannot firmly prove the origin of the phase, we anticipate it is another form of magnetic state, based on its spectral features. The main differences between the S and L shape states are: 1) the asymmetric spectrum is tilted to the negative bias; 2) the Fermi surface residual of the L shape is low, very close to the bottom of SC gap, but for S shape the Fermi surface residual is much higher (Fig. 3 (c) (f) and (i));
3) the volume percentage of the S state is lowest in non-SC Cr-122, and highest in optimum doped Co-122. Notably, from the volumes of the S state of the three compounds, the behavior of the S shape state is more cooperative with the superconducting state, rather than competitive with SC as observed for the L shape state. This abnormal behavior and the highly elevated LDOS at Fermi level suggest the S-shape state should have the same origin as the muon spin rotation observation of a different component of spin density wave order in Co-122 [21] [22] and the neutron study of the identification of a short-range spin-glass state in Ni-122 12 . In the muon spin rotation study, a spatially inhomogeneous magnetic state develops below Tc and it has a constructive rather than a competitive relationship with SC near optimal or even overdoped Co-122 samples [21] [22] . A followup theoretical study explains the distinct magnetic phases using an impurity-induced order which is stabilized by a multiple-Co dopant effect 37 . Future spin-polarized STM studies are essential to further confirm and identify the relation between the S, L shape states as well as the in-gap state with the superconductivity phase.
Conclusion
In summary, Ba(Fe1-xTx)2As2 single crystals in three different phases, optimal doped SC Co-122, coexisting SC and AFM Ni-122, and non-SC Cr-122, are studied at atomic surface levels using STM/S. All these single crystals show various nanometer-size local electronic 
Method
Single crystals of Ba(Fe0.92Co0.08)2As2, Ba(Fe0.96Ni0.04)2As2 and Ba(Fe0.96Cr0.04)2As2 were grown out of self-flux from FeAs and Co (or Ni, Cr)As binaries, a synthesis method similar to our previous reports 24 . Phase purity, crystallinity, and the atomic occupancy of all crystals were checked by collecting Powder X-ray diffraction (XRD) data on an X'Pert PRO MPD diffractometer (Cu K1 radiation, λ=1.540598 Å); The average chemical composition of each crystal was measured with a Hitachi S3400 scanning electron microscope operating at 20 kV, and use of energy-dispersive x-ray spectroscopy (EDS).
All crystals were cleaved in ultra-high vacuum (UHV) at ~ 78 K and then immediately transferred to the Scanning Tunneling Microscopy/Spectroscopy (STM/S) head which was precooled to 4.2 K without breaking the vacuum. The STM/S experiments were carried out at 2.0 K or 4.2 K using a UHV low-temperature and high field scanning tunneling microscope with base pressure better than 2×10 -10 Torr 25 . Pt-Ir tips were mechanically cut then conditioned on clean Au (111) and checked using the topography, surface state and work function of Au (111) before each measurement. The STM/S were controlled by a SPECS Nanonis control system. Topographic images were acquired in constant current mode with bias voltage applied to sample, and tip grounded. All the spectroscopies were obtained using the lock-in technique with a modulation of 0.1 to 1 mV at 973 Hz on bias voltage, dI/dV. Line spectroscopies and Current-ImagingTunneling-Spectroscopy were collected over a grid of pixels at bias ranges around Fermi level using the same lock-in amplifier parameters. During STM/S measurement, a magnetic field up to 9 Tesla was applied perpendicular to the crystal surfaces.
The K-means clustering analysis was performed in PYTHON language using PYCROSCOPY package 26 . The analysis uses an unsupervised learning algorithm, with the goal to find groups in the data, with the number of groups represented by the variable K. All STS datasets were studied using the same code.
